This study examined the effects of disorientation on the acquisition of different spatial reference memory tasks. In an appetitively motivated radial arm maze task in which 1 arm was consistently baited, rats that were disoriented before each trial were impaired in their ability to acquire the task relative to rats placed in a clear container and not disoriented. However, disoriented rats were able to learn a Morris water maze and a water version of the radial arm maze under similar training conditions, suggesting that the effects of disorientation may interact with the quality or quantity of motivation involved in a given task. These results suggest that appetitive and aversive spatial tasks are dissociable, and that any impairment that is due to disorientation is specific to the appetitive radial arm maze task.
even after that landmark is no longer detectable. An animal can use a combination of vestibular, proprioceptive, and motor efference copy information to derive information about its own movements (Mittelstaedt & Mittelstaedt, 1980 ; see also Gallistel, 1990 , for a review).
Although it has long been believed that internal sources of movement information can be used for orientation (see Carr & Watson, 1908) , some investigators have recently suggested that they are actually necessary for the development of landmark-based spatial navigation (Alyan & Jander, 1994; Gallistel, 1990; McNaughton, Chen, &Markus, 1991; McNaughton, Knierim, & Wilson, 1995) . These scientists have proposed that animals use their internal systems to help generate expectations about the locations of various landmarks in their environment. For example, if an animal monitors its movements after departing from a particular landmark, it can generate an expectation of when it will likely see that cue again (or some other cue that regularly appears after a fixed set of movements). If a cue agrees repeatedly with this expectation, it is judged to be stable. If a cue is not judged to be stable, then the animal cannot use the spatial information it provides. In the extreme case, even a cue that is necessary for localizing a reward will be ignored by the navigating animal if its relation to the animal's internally derived predictions cannot be established. Hence, these investigators believe that a simple association between cue and reward is not a sufficient condition for proper place learning because an animal must first learn mat a cue or landmark maintains a stable position relative to its own expectations.
Behavioral Studies
To examine the role of internal cues in spatial navigation, a number of experiments have measured the accuracy of reward localization after an animal has been slowly spun, a procedure that presumably disrupts the animal's accurate tracking of its ongoing position and its orientation in the environment. For example, Margules and Gallistel (1988) trained rats in a rectangular box to dig for food hidden in a specific corner of the box under a layer of pine bedding. They found that when they completely darkened the testing room, placed an opaque cover over the rectangular boxes, and disoriented the animals by placing them on a slowly rotating platter (prior to their placement in the rectangular box), the animals searched in the correct and rotationally opposite corners equally. Thus, despite the presence of landmark cues within the rectangle that unambiguously predicted the reward location, the disoriented animals appeared to rely on the geometry of the environment to guide their behavior and thus searched the two geometrically equivalent corners of the rectangle. These results suggest that when an animal is prevented from carrying information about its orientation from the outside room into the testing box, it cannot properly locate the reward, even when the information within the box is sufficient to specify the reward's position. These results were also observed in a reference memory version of this task (Cheng, 1986; Gallistel, 1990 ). Hermer and Spelke (1994) recently reported similar results with 18-to 24-month-old children. The children were trained to search for a toy hidden behind one of four red corner panels in a rectangular room with a single blue wall. After observing the toy being hidden in one of the four corners of the rectangular room, children were disoriented by having their parents lift them up, cover their eyes, and rotate them for at least 4 revolutions. Following this treatment, the children searched the rotationally equivalent corners of the rectangle equally. In contrast, both nondisoriented children and adults who were disoriented had no difficulty choosing the correct corner. These results are consistent with those of Margules and Gallistel (1988) and suggest that the disoriented children used only the geometry of the room to locate the toy despite the presence of a salient blue curtain that distinguished the two room corners.
Whereas some authors have emphasized the role of disorientation in preventing animals from using environmental cues, others have suggested that cues must be judged stable not just by being compared with internally derived information, but by being compared with other cues in the environment. Biegler and Morris (1993) trained rats to search in a square arena for a hidden feeder that maintained a specific spatial relationship to one of two distinct landmark objects. The square arena was surrounded by black curtains on three sides and a white curtain on the remaining side. In the fixed group, the white curtain and the landmark objects were rotated together 90° each day, and thereby maintained a constant spatial relationship to one another. In the varied group, the white curtain and the landmark objects were rotated independently and thus did not maintain a consistent spatial relationship to one another. The results showed that, although the correct landmark object always maintained the same spatial relationship with the hidden reward feeder in both groups, only when the landmark's position was consistently associated with the position of the white cue curtain was it used to guide spatial responses. Furthermore, the curtain itself was not sufficient to guide behavior because wheu it was the only cue available (i.e., the landmarks were removed), the rats rarely dug at the correct locations. These results indicate that consistency in the spatial relationships between cues is an important factor in determining the stimulus control of any one of the landmarks. Similar to the Margules and Gallistel (1988) findings, these results further suggest that a theory that encompasses solely associational learning does not adequately explain an animal's behavior when it is learning particular spatial tasks.
Effects of Disorientation on Single-Unit Recordings
The extent to which disorientation influences an animal's reliance on landmarks for spatial orientation is also of interest to investigators exploring the characteristics of place and head direction (HD) neurons in the rat brain. Place cells were first described by O' Keefe and Dostrovsky (1971) , and are characterized by their selective activity when an animal is located within a specific portion of the environment-termed a cell's place field. The activity of place cells has been hypothesized to contribute to an internal representation of the animal's environment that can be used to guide spatial behavior (O'Keefe & Nadel, 1978) . More recently, a second type of spatial cell has been identified-the HD cell (Ranck, 1984; Taube, Muller, & Ranck, 1990a) . HD cells discharge as a function of the animal's directional heading in the horizontal plane, independent of the animal's location.
It is well established that in addition to internally generated cues (Sharp, Blair, Etkin, & Tsanetos, 1995; Stackman & Taube, in press; Taube & Burton, 1995; Wiener, 1993) , the spatial orientation of both place and HD cells can be controlled by salient visual landmark cues in an environment (Muller & Kubie, 1987; O'Keefe & Conway, 1978; Taube, 1995; Taube, Muller, & Ranck, 1990b) . For example, rotations of cues in the environment cause place cells to shift their place field and HD cells to shift their preferred firing direction a corresponding amount. However, Knierim, Kudrimoti, and McNaughton (1995) have recently hypothesized that the experience of a consistent relationship between an animal's internally derived inertial sense and the external landmarks is necessary for these cues to exert stimulus control. In Knierim et al.'s study, before being placed in the recording apparatus, disoriented rats were brought into a recording room in an opaque box that was rotated as the experimenter walked around the environment. Nondisoriented rats were carried into the recording room on the experimenter's arm and thus were permitted access to the visual and other landmark cues in the room before being placed in the apparatus. The apparatus for both groups consisted of a gray-walled cylinder with a single white cue card covering =90° of arc. Although previous studies have shown that rotation of the cue card usually results in a corresponding shift in the orientation of both place (Muller & Kubie, 1987) and HD cells (Taube, 1995; Taube et al., 1990b) , Knierim and colleagues reported that, in rats that experienced repeated disorientation, the cue card exerted much less stimulus control over place and HD cell firing than in rats that did not undergo disorientation procedures. This result is surprising as one may have expected that the disoriented rats (or HD cells) would have been more likely to use the cue card because it was presumably the only stable orientation landmark available. These electrophysiological findings are consistent with the hypothesis that, at both the behavioral and neural levels, disorientation can interfere with the use of landmarks for orientation. As it has recently been demonstrated that the same landmark cue can exert stimulus control over both HD cell orientation and an animal's spatial behavior (Dudchenko & Taube, 1997) , the single-unit findings of Knierim et al. imply that disorientation may interfere with the use of specific landmark cues to guide spatial behavior.
The current study was designed to determine whether repeated disorientation procedures would interfere with the acquisition of spatial reference memory tasks. On the basis of the above single-unit and behavioral findings, we predicted that disorientation would disrupt the ability of rats to use a salient visual landmark to guide their search for a specific goal location, even when the position of the goal is constant relative to the visual landmark. In addition to assessing the effects of disorientation, in Experiments 1 and 2 we also examined the influence of access to extra-maze cues by having a nondisoriented group that had access to visual cues as it was brought into the training room, and a second group that did not. In Experiments 3 and 4, we attempted to determine which aspects of spatial tasks used in Experiment 1 were critical for the demonstration of a disorientation-induced acquisition impairment.
Experiment 1: Acquisition of an Appetitive Radial Arm Maze
Method Animals. Twenty-four female Long-Evans rats (Rattus norvegicus), 2 months old at the beginning of the experiment, were housed in separate cages on a 14:10-hr light-dark cycle. Behavioral training occurred during the light phase of the cycle. Each rat had free access to food, but was permitted only 15 min of access to water at the end of each day's training.
Behavioral apparatus. Training took place in a large, windowless room. An eight-arm radial maze (overall diameter: 1.29 m; center diameter: 23.8 cm; arm length: 52.7 cm; arm width: 9.8 cm; food cup diameter: 3.8 cm) was placed on an overturned 5-gallon bucket (diameter: 26 cm; height: 34 cm) and centered within a circular curtained enclosure. This enclosure was formed by hanging black bed sheets on a 2.08 m diameter copper curtain ring that was suspended about 15 cm from the ceiling by four symmetrically placed chains attached to ceiling screws. The sheets extended to the floor and formed an enclosure that prevented visual access to other cues within the room. The curtain enclosed area was illuminated by a single centrally located square light embedded in the ceiling tiles. A white sheet was placed over a portion of the black curtain enclosure and was intended to serve as the salient orienting cue for the rats. This white sheet also extended from the copper ring to the floor, and covered about 63° of arc (See Figure 1A) .
Behavioral training. The behavioral task employed in this study was a spatial reference memory version of the radial arm maze. The rat's task was to select a single arm (baited with 0.5 ml water placed in a plastic weighing dish at the end of the arm) from the eight arms available. The reinforced arm was in an identical absolute position relative to the white cue sheet and the room on every trial throughout training. However, the maze was rotated in 45° increments between every individual trial in order to minimize the association between any potential intramaze cues (e.g., odors) and the position of the reinforced arm.
The rats were handled for 5 min per day for 3 days prior to the start of training. They were then given 3 days of maze acclimation. On the first day of acclimation, small plastic weighing dishes were baited with 0.5 ml water and placed halfway down the length of each maze arm. Additionally, three baited weighing dishes were placed in the center of the maze. Each rat was allowed to explore the maze for 5 min and was then removed from the maze and returned to its home cage. The second day of acclimation was identical to the first, except that the water-baited dishes were placed two-thirds of the way down the length of each maze arm. On the final day of acclimation, the water-baited dishes were placed in their final location at small cut-out portions on the end of each maze arm. On this last day of acclimation, no weighing dishes were placed on the maze center. The manner in which the rats were brought into the maze room is described below.
Following maze acclimation, training on the spatial reference memory task (with the single reinforced arm) commenced. The rats were trained in one of two sessions, either in the morning (approximately 9 a.m.-12 p.m.) or in the afternoon (approximately 1 p.m.-4 p.m.). Separate experimenters conducted the morning and afternoon sessions. However, to ensure equal exposure to each experimenter and to the time of each training session (i.e., morning vs. afternoon), rats alternated daily between being trained in the morning and afternoon.
Three groups of rats (n = 8 per group) were trained. In the first condition (clear), rats were brought into the maze room in a clear container (a 1 gallon glass fish bowl) that was open on top and that contained a layer of cedar bedding on the bottom. No attempt was made to shield the rat's view of potential room cues outside the curtain enclosure. To maximize the similarities between this and subsequent groups, the rats were brought into and exited the maze room inside this container. The rats also resided in the container in one of three locations on the floor outside the curtain enclosure during the 1-min intertrial intervals. Thus, this group had access to room cues outside the curtain enclosure during their entry and exit to the maze room and during the intertrial intervals.
In the second condition (opaque), rats were brought into the maze room in an opaque, cardboard box (length: 31.0 cm; width: 10.5 cm; height: 24.5 cm) with a thin layer of cedar bedding on the bottom. The rats in this group were not permitted to view the environment outside the curtain enclosure either during entry or exit to the room, or during the 1-min intertrial intervals when they remained in the opaque box outside the curtain enclosure. Thus, the primary difference between the opaque and clear groups was in access to visual cues outside the curtain enclosure.
In the third condition (opaque + disoriented), rats were brought into the maze room in the same opaque, cardboard box as that used for the opaque group. In this group, however, the experimenters attempted to disorient the rats by rotating the box in alternating directions and at various speeds while they walked around the curtain enclosure and the maze room. This disorientation procedure lasted for 30 s. For the remaining 30 s of the intertrial interval, the rats were placed outside the curtain enclosure in the same manner as the opaque group. Thus, this group differed from the opaque group only by the initial 30 s disorientation procedure that occurred at the beginning of every intertrial interval.
The general format of the daily training session was as follows. First, the rat was removed from its home cage, placed into either the clear container or opaque box (depending on the group), and brought into the maze room. For the clear and opaque groups, the rat was placed on the floor outside the curtain enclosure for 1 min. In the opaque + disoriented group, the experimenter rotated the box in which the rat resided back and forth while walking around the room for 30 s, and then placed the box on the floor outside the curtain enclosure for an additional 30 s. The floor position where the rat was placed varied pseudorandomly between one of three locations from trial to trial. Following this 1 min period, the rat was brought inside the curtain enclosure, removed from its container, and placed on the center portion of the radial arm maze. The experimenter varied his position within the curtain enclosure on every trial to avoid serving as a predictive cue for the location of the reward arm, and die same sequence of positions was used for all rats on a given day. An individual trial was terminated in one of three ways: (a) if the rat selected the correct maze arm, (b) if the rat selected the permitted number of incorrect arms, or (c) if the rat failed to select any maze arm within a 5-min period. Following completion of the trial, the rat was removed from the maze and replaced in its respective group's container. The container and rat were then carried outside the curtain enclosure, and the appropriate 1-min intertrial interval manipulation was repeated (i.e., placement on the floor or disorientation). During the intertrial interval, the experimenter rotated the maze 45° and rebaited the correct arm if necessary. Following completion of all the trials on each day, the rat was given a 30-s period in which it was either placed on the floor outside the maze (clear and opaque groups) or disoriented (opaque + disoriented group), and then returned to its home cage.
On the first day of training all rats were given three consecutive trials on the maze and were allowed up to eight incorrect (nonreinforced) arm selections on each trial. An arm choice was recorded if a rat traversed more than half of die arm's length-even if it did not continue to the arm's end. Reentries into the same arm were also counted as arm choices. If the rat selected the correct maze arm, it was permitted to consume the water reinforcement and turn to exit the arm before being removed from the maze. The 2nd and 3rd days of training were similar to the 1 st, with the exception that the number of arm selections permitted was reduced to four and the number of trials increased to 5. From the 4th through the 22nd day of training, the rats were given 6 trials per day with a maximum of four choices permitted per trial. From the 23rd to the 40th (or 45th; see below) day of training, the rats were given 10 trials per day with a maximum of two arm choices permitted per trial. On each trial, the maze arms selected by the rat (both correct and incorrect) were recorded by the experimenter.
Probe trial sessions. Once a rat reliably selected the correct arm within its first two choices, the stimulus control exerted by the white cue curtain was assessed in different probe trial sessions. Criterion level of performance was defined as selection of the correct arm on at least 7 out of 10 trials for 2 consecutive days DUDCHENKO, GOODRJDGE, SEITERLE, AND TAUBE (again, with a maximum of two arm choices per trial). Probe manipulations were performed only if the rat selected the correct maze arm on at least three of the five preprobe baseline trials. If the rat did not achieve this baseline level of performance, the remaining five trials were conducted under normal training conditions and the probe manipulation was attempted on a subsequent day.
Probe 1 consisted of a 90° rotation of the white curtain. For this probe session, the rat was brought into the maze room and given five baseline trials in a manner identical to its training. The rat was then returned to its home cage. The white cue curtain was then rotated 90° counterclockwise, and the rat was returned to the maze for an additional five trials. The intertrial interval manipulations that the rat experienced during initial training were maintained during all 10 trials of the Probe 1 session. To exclude the possibility that the water reward served as a cue that exerted stimulus control over the rat's arm choices, on the first trial in which the curtain was rotated, no maze arm was baited with water. In the remaining curtain rotation trials, the water reward was placed randomly on different maze arms. If the rats were using the reward to guide their responses on these trials, their choices would reflect the position of the reward and not the position of the cue curtain.
Following completion of Probe 1, the rats were trained two additional days with the cue curtain in its original position to eliminate any potential effects of nonreward during the first probe session. Probe 2 involved the removal of the white cue curtain for five trials. The rats were first tested for five baseline trials under normal training conditions, and then received five trials with the cue curtain removed. Similar to the previous probe session, no maze arm was baited in the first trial of the curtain removal sessions, whereas in the remaining four trials the water reward was placed on a random maze arm.
For rats in the clear group that reached criterion, a third probe (Probe 3) was conducted following completion of Experiment 2. The rats tested in this probe were first retrained on the radial arm maze until they reliably selected the correct arm. They were then tested in Probe 3 the following day. These rats were first given five baseline trials under the standard training conditions. Then, for the next five trials, each rat was placed in the opaque box and tested under the conditions of the opaque + disoriented group (i.e., they were disoriented for 30 s). Finally, on a third block of five trials, the rats were again tested under the opaque + disoriented conditions, although on these trials the white cue curtain was removed.
Data analysis. A percent correct score was calculated for each rat's daily performance by dividing the number of correct arm choices by the total number of arm choices. As the rats were permitted to make a second arm choice only if their first choice was incorrect, the total number of arm choices on any given day varied. Thus, for a set of 10 trials, the minimum number of total arm choices the rat could make was 10 (all correct choices on the first arm selection for each trial), and the maximum number of choices was 20 (no correct choices on the first arm selection for each trial). This method of scoring usually led to an apparent low score to reach criterion (see Results and Discussion). Chance performance (John Finn, personal communication, October 1995) for a given day of trials was calculated using a procedure that assumed that the rat never chose the same arm consecutively. Chance performance is affected by the number of trials allowed per day and the number of choices allowed on each trial. In the 10 trial, 2 choice case, there are three possible outcomes on each trial. The rat may select the correct arm on either one of its two choices, or it may select an incorrect arm on both of its choices. The probability of selecting the correct arm on the first choice is 1/8 since there are 8 arms. The probability of selecting an incorrect arm on the first choice and the correct arm on the second choice is (7/8)(l/7) = 1/8, because we assume that the animal will not choose the same incorrect arm on both choices. The probability of selecting an incorrect arm on both choices is 1 -(1/8 + 1/8) = 6/8. For both the 6 trial and 10 trial cases, the relative number of these different trial outcomes across the set of trials determines the animal's daily score and is associated with a particular probability. To compute a rat's expected, or chance score, we calculated the score and probability associated with every possible combination of trial types across a day of trials. Then, we summed the product of these two values across all possible combinations of trial types. Using this procedure, we determined chance performance to be 0.1366 for the 10 trial, 2 choice case and 0.1473 for the 6 trial, 4 choice case. The formula for calculating chance performance in the 10 trial, 2 choice case is:
where a is the number of trial outcomes on which the rat selects the correct arm on its first choice, and b is the number of trial types on which the rat selects the correct arm on its second choice. The 6 trial, 4 choice case was calculated using a generalization derived for m trials and n choices.
The percent correct scores were analyzed using a two-variable analysis of variance (ANOVA) with group as the between-subjects variable and training day as the repeated measure. Post hoc assessment for between-group differences on individual days was conducted using Tukey tests.
Results and Discussion
Radial arm maze acquisition. All rats were trained for 40 consecutive days, after which training for rats that had reached the criterion level of performance was discontinued, and training was continued for the remaining rats in each group through the 45th day. A criterion level of performance at Day 40 was attained by 6 rats in the clear group, 2 rats in the opaque group, and 0 rats in the opaque + disoriented group (see Table 1 ). One additional rat in the clear group reached criterion by Day 45. Figure 2 shows the percent correct score for each of the three groups across the acquisition period from the 1st day of training until the 45th day of training. Chance performance is shown as a heavy solid horizontal line. On the 23rd day of training, the number of trials was increased from 6 to 10 per day, and the corresponding number of choices permitted was reduced from four to two per trial. Because rats frequently chose the arm they faced when first placed on the central maze platform, they often did not receive reinforcement until their second choice. Thus, on many trials, rats frequently made one correct and one incorrect choice. As a result, although the percentage of trials on which criterion rats received reinforcement was between 85% and 90%, the percentage of total choices that were correct was lower-about 45% (see Figure 2 ).
Through training Day 11, the performance of the three groups appeared to be similar. After Day 11, however, the rats in the clear group improved in accuracy to a much greater extent than the rats in the other two groups. Figure " Criterion for Experiment 1 was the selection of the correct arm within the first two choices on 7 out of 10 reinforced trials for 2 consecutive days. b Criterion for Experiment 2 was spending >30% of time in platform quadrant, averaged across the final 3 days of training.
c Criterion for Experiment 3 was the selection of the correct arm within the first two choices in 4 out of 5 reinforced trials for 2 consecutive days. d Criterion for Experiment 4 was the selection of the correct arm within the first two choices in 4 out of 5 reinforced trials for 2 out of 3 consecutive days.
2 shows that the opaque group exhibited some improvement in performance over acquisition compared with the opaque + disoriented group, which itself did not appear to differ from chance levels of performance throughout the entire training period. The 2 rats in the opaque group that reached criterion appeared to be responsible for the differences in the acquisition curves between the two opaque conditions, because the acquisition curves appear identical after their removal on Day 40 (see Figure 2 ). In contrast, rats in the clear group maintained a higher level of performance than rats in the other two groups, even when the criterion rats were removed after Day 40, although 1 rat in the clear group appeared to perform at chance levels throughout training.
An ANOVA for Days 4-40 showed a main effect of group, F(2, 21) = 5.85, p < 0.01, and training day, F(36, 756) = 5.34, p < 0.01, and a significant Group X Training Training Day Figure 2 . The percent correct scores for arm maze choices across acquisition of the radial arm maze task (Experiment 1). The clear group exhibited improved performance across training days, whereas the opaque + disoriented rats were unable to acquire the task, and their performance varied around chance levels. The opaque group's performance improved a small amount over the course of training, although this improvement appeared to be restricted to 2 rats, as their removal after Day 40 was associated with a return to chance levels of performance for the remaining members of the group. percent correct measure. Post hoc comparisons between the three groups for each training day revealed that the majority of statistically significant differences in percent correct scores were observed between the clear and opaque + disoriented groups in the final two-thirds of the training sessions (these two groups differed significantly, p < 0.05, on 20 of the final 23 days of training). There was only one significant difference found between the opaque and opaque + disoriented groups (Day 5), and only 5 days on which the clear and opaque groups differed {Days 5, 21,23, 29, and 33). The absence of a greater significant difference between the clear and opaque groups is attributed to the large variability in the opaque group's performance (2 of the opaque rats reached criterion, whereas 6 rats did not learn the task).
Probe trial sessions. The 7 rats in the clear group and the 2 in the opaque group that reached the criterion level of performance were tested in the first two probe sessions. In Probe 1, the white curtain was rotated 90° counterclockwise for the last five trials of a day's session, and the correct maze arm was defined as the rotationally appropriate arm (i.e., the maze arm that maintained the same spatial relationship with the white curtain). Rats in both conditions displayed a similar mean number of correct arm choices prior to and following rotation of the white curtain (see Figure 3) , suggesting that the white curtain exerted stimulus control over both groups' maze arm choices. A paired t test
CLEAR OPAQUE Baseline
Cue Rotation Cue Removal Probe Type Figure 3 . Cue curtain rotation and removal probe sessions (Experiment 1). Baseline trials represent the average performance on the five prerotation and five preremoval trials. Rotation of the cue curtain 90" counterclockwise was associated with a corresponding shift in the selected maze arm for both the clear and opaque groups. Cue curtain removal for the clear group was associated with a decrease in the selection of the correct maze arm, although these rats still selected the correct arm more often than predicted by chance. In contrast, removal of the cue curtain resulted in chance performance for the 2 rats in the opaque group. The ordinate represents the mean number of correct trials for each rat.
for rats in the clear group revealed no significant difference between the number of reinforced trials in the standard and curtain rotation trials, f(6) = 0.89, p > 0.05. The limited number of rats undergoing probe tests in the opaque group precluded performing any statistical tests between this group and the clear group. These results indicate that the rats used the cue curtain to guide their behavioral responses. In Probe 2 trials, the mean number of correct choices made by the clear group appeared to decrease with cue curtain removal, although the rats still selected the correct arm on most trials. However, a paired t test on the number of reinforced trials revealed no significant difference between the baseline and curtain removal trials, f(6) = 1.62, p > 0.05. In contrast, the 2 rats in the opaque group failed to select the correct arm when the curtain was removed (1 rat selected the correct arm only once; the 2nd rat never selected the correct arm), although they both selected the correct arm on the initial five trials when the white cue curtain was present. Again, the limited number of rats undergoing probe tests in the opaque group precluded performing any statistical tests between mis group and the clear group. From a descriptive standpoint, however, the current results suggest mat rats in the opaque group may have lacked the ability to use cues other than the white curtain to guide their responses within the curtain enclosure. Finally, it should be noted that no rats in either probe test responded to the random position of the reward arm during the probe trial sessions.
The results of Probes 1 and 2 suggest that either the white cue curtain or visual access to room cues was sufficient to guide behavior on the maze for rats in the clear group. To assess which of these factors was necessary for accurate maze behavior, rats in the clear group were tested (following completion of Experiment 2, described below) in a third probe session under the conditions of the opaque + disoriented group, with and without the cue curtain. The mean number of correct trials did not differ in the baseline (M = 4.29) and opaque + disoriented (M = 3.71) conditions with the cue curtain present, t(6) -1.33, p > 0.05. The absence of a significant difference suggests that any stress the rat may have experienced when placed in the opaque box and gently spun did not interfere witii performance on this task. A significant difference, however, was observed between the baseline and opaque + disoriented (M = 1.43) condition when the cue curtain was removed, f(6) = 8.40, p < 0.01. Thus, the effects of the opaque + disoriented treatment appear to be specific for the acquisition, but not for the performance, of a spatial reference memory task on the radial arm maze.
Why were the rats in the dear group better than those in both of the opaque groups on the radial arm maze task? The most apparent difference between the clear group and the two opaque groups was that the rats in the clear group were exposed to room cues outside the curtain enclosure. Thus, one explanation of the group differences is that, because these room cues were also in a constant position relative to the reward arm, acquisition may have been facilitated for the clear group relative to the opaque conditions (where the only predictive cue is the cue curtain). The results from Probe 2 support this interpretation, as they indicate that cues outside the curtain enclosure may be sufficient to guide accurate spatial behavior. This interpretation is consistent with recent views of earlier maze studies (see discussion of Carr, 1917 , in Gallistel, 1990 .
A second explanation of our findings is that, because rats in the clear group had access to visual cues as they were transported from their home cages into the maze room, they were able to link their orientation in the home cage environment to their orientation within the maze room (see Poucet, 1993 , for a discussion of this point). In contrast, the rats in the opaque containers, in addition to not having exposure to room cues outside the curtain enclosure, also did not have the opportunity to visually observe their transfer from the home cage environment to the maze room. Subscription to this linkage view, however, raises a fundamental question: Why is linkage to a separate environment necessary when the landmark cues in an animal's current environment (e.g., the white cue curtain) unambiguously predict a goal's location? As discussed in a recent review (Poucet, 1993) , although mechanisms can be postulated for the spatial linkage of nonoverlapping environments, this capacity "has never been demonstrated unambiguously" (p. 173). Thus, experimental characterization of the existence and time course of the capacity to link environments will be necessary to determine its potential influence on spatial abilities.
A third explanation for the group differences arises from several studies that have suggested that disorientation may disrupt the stimulus control exerted by salient, nongeometric cues in an environment (Hermer & Spelke, 1994 , 1996 Knierim et al., 1995; Margules & Gallistel, 1988) . The finding that rats in the opaque + disoriented group could not learn the task is consistent with this interpretation. However, the view that disorientation per se prevents spatial learning would predict that the opaque group, by not being explicitly disoriented, would have acquired the task at a rate similar to the clear group. As only 2 out of 8 rats in the opaque group performed above chance levels and learned the task, placement in the opaque container alone appears sufficient to affect acquisition. Although the opaque group findings suggest that disorientation alone cannot be the sole factor in determining whether the rats were able to learn the task, an alternative interpretation is that the procedures of placing a rat in an opaque container and transporting it into the room is an experience that leads to disorientation. Thus, although access to extra-maze visual cues may have been an important factor in allowing rats in the clear group to learn at a faster rate, our study cannot rule out the possibility that rats in the opaque group were, in fact, disoriented by their treatment conditions.
Experiment 2: Acquisition of a Morris Water Maze
In Experiment 1, rats in the opaque + disoriented group and, to a lesser extent, rats in the opaque group were markedly impaired on the acquisition of the radial arm maze task. To test whether this effect represented a general impairment in the use of landmark cues to guide spatial behavior, Experiment 2 was performed with the Morris water maze using training conditions similar to those used on the radial arm maze task.
Method
Following completion of Experiment 1, rats from each group were reassigned to each of the three conditions: clear, opaque, and opaque + disoriented. The 9 rats that acquired the radial arm maze task (7 rats from the clear group and 2 rats from the opaque group) were equally represented in each of the three conditions. During training in the water maze task, 1 rat in the new clear group became sick and was unable to complete training.
Behavioral apparatus. The Morns water maze training was conducted in a 1.79 m diameter white pool in a different room than the one used in Experiment 1. The pool was filled with approximately 29 cm of water, which provided a 2.5 cm submersion of a 12.5 cm diameter circular platform. The water was made opaque by the addition of white tempera powder to the pool. Similar to the radial arm maze experiments, the water maze was separated from the rest of the room by a circular curtain 2 m in diameter. A cue curtain was attached to the inside of the curtain enclosure and extended for approximately 63° of arc (see Figure IB) . To limit generalization from the radial arm maze enclosure, the cue curtain was black and the surrounding curtain enclosure was white (as opposed to the white on black Experiment 1). To mask any obvious ceiling cues, a white bed sheet was also attached to the ceiling above the enclosure, widi a small slit in its center through which a ceiling anchor and video camera passed. In addition, to facilitate acquisition of the water maze task, on Day 11 of training, a black towel was attached to the side of the pool directly below the cue curtain. The black towel occupied a comparable percentage of the pool's circumference as the black sheet and, from a distance, appeared (to the experimenter) continuous with the black sheet. Subsequent reference to the cue curtain in this experiment represents the black curtain and black towel together. The enclosed area was illuminated with four symmetrically placed lights attached to the enclosure's curtain rod.
Behavioral training. Rats in each group were given four trials per day on a reference memory version of the Morris water maze. The submerged platform remained in the same location within the pool for the duration of training. The clear, opaque, and opaque + disoriented group manipulations were identical to those of Experiment 1. Following the appropriate group manipulation, the experimenter entered the curtain enclosure from one of three different locations, removed the rat from its respective box, and placed the rat in the center of the pool. The experimenter remained within the enclosure in one of four different locations and recorded the rat's latency to find the hidden platform.
Each rat was allowed 60 s to locate the platform. If the rat did not find and climb onto the platform within this period, it was placed on the platform by the experimenter. On the first day's trials, the rats were allowed to remain on the platform for 30 s before being removed from the pool. In subsequent sessions, this period of time was reduced to 15 s. If the rat found the platform within 60 s, it was allowed to remain on the platform for the same period of time as rats that were placed on the platform, and then it was removed from the pool and placed in its respective group's box.
In addition to the four training sessions per day, the rats were tested daily on a single 1 -min probe trial in which die platform was removed. Like the training sessions, this probe trial was preceded and followed by the appropriate intertrial interval manipulation for each group. The probe trial was varied between the fourth or fifth trial each day to reduce the likelihood that rats would start predicting the occurrence of the probe trial on the basis of its sequence position in the day's trials.
Postacquisition probe trials. In addition to the daily probe sessions, a series of probe trials similar to those run in Experiment 1 was conducted following the acquisition of the water maze task. Probe 1 consisted of a session in which the rats were given a single trial with the cue curtain (and towel) in a 90° counterclockwise rotated position. No platform was available during this trial. In Probe 2, rats were tested on the maze in the absence of the cue curtain and towel. In both probes, the appropriate intertrial interval manipulation was conducted for each group.
Data analysis.
To assess the rats' abilities to localize the submerged platform, we examined the swimming locations of the rats during the daily probe sessions by reviewing the videotape recordings of each daily session. First, the video image of the pool was divided into four equal quadrants, and the amount of time that a rat spent in each quadrant during the probe trial was determined.
Then, the percentage of time the rat spent in the quadrant that contained the platform was calculated by dividing the amount of time spent in this quadrant by the total amount of time spent in all quadrants. The time it took the rats to find and climb onto the hidden platform (escape latency) was also recorded across each acquisition session. To examine the extent to which escape latencies predicted preference for searching in the quadrant containing the platform, die mean escape latency values for each rat were correlated with the percentage of time in the platform quadrant for the probe trials. A two-variable ANOVA was computed with group as a between-subjects variable and training day as a repeated measure for both the latency and probe trial quadrant preference results. Additional ANOVAs were conducted to assess group differences in probe session performance, previous training experience, and correlations between latency and platform quadrant times. Post hoc tests were conducted using a Fisher's protected least significant difference (PLSD) test for between-groups comparisons, and paired t tests for repeated measure comparisons.
Results and Discussion
Water maze acquisition. All three groups of rats were trained for 16 days, and the mean latencies to find the platform for the four daily training trials are shown in Training Day Figure 5 . Percentage of time spent in the platform quadrant during each daily probe session for the Morris water maze (Experiment 2). Across training days, all three groups were able to learn the task as indicated by their increased preference for the probe trial quadrant. No differences were observed between groups.
the platform quadrant) as opposed to Positions 2 or 3 (adjacent to the platform quadrant) during daily platform removal sessions. To test whether experimenter position within the curtained enclosure was a factor in determining the percentage of time spent in the platform quadrant, the quadrant preference data for the first three occurrences of each experimenter position were examined (the first three occurrences were used because the experimenter stood in each of the four possible positions at least three times during acquisition). An ANOVA revealed a main effect of experimenter position, F(3, 60) = 36.28, p < 0.01, which was reflected in a significantly higher preference for the correct quadrant when the experimenter was in Positions 2 and 3 as opposed to Positions 1 and 4, F(l, 22) = 130.77, p < 0.01. This higher preference for the correct quadrant when the experimenter was standing adjacent to the quadrant (i.e., Positions 2 and 3) may be consistent with the observation of Hodges (1996) , who noted that rats exhibit less preference for quadrants with fewer visual cues.
To address the issue of whether the decreases in escape latencies predicted the rat's preference for the platform quadrant during the daily platform-removal probe trials, the two variables were correlated on each acquisition day. No significant negative correlations between escape latency and platform quadrant preference were observed on any day of task acquisition. A one-variable ANOVA revealed no significant difference in the correlation values between groups, F(2, 45) = 0.01, p > 0.05. These results indicate that the variability in escape latencies within individual training days was not strongly related to the measure of time spent in the platform quadrant on probe trials. This conclusion is consistent with previous suggestions (see Gallagher, Burwell, & Burchinal, 1993; Hodges, 1996) that escape latency, taken alone, does not exclusively predict the strength of a spatial bias (on any given day) in the water maze.
Effects of previous training. One factor that may have contributed to the absence of differences between groups during acquisition was the prior training rats received in Experiment 1. For example, rats trained in the clear condition on the radial arm maze task may have differed in the acquisition of the water maze task from rats that were previously assigned to either of the opaque conditions. To examine this possibility, the platform quadrant preference data were reanalyzed with the rats identified by their training condition in Experiment 1. An ANOVA (Group X Training Day) revealed no main effects of previous training group condition, F(2, 20) = 0.16, p > 0.05. As reported above, a main effect of training day was observed, F(2, 20) = 18.22, p < 0.01, and there was a significant interaction between group and training day, F(30, 300) = 1.53, p < 0.05, The source of this interaction appears to be the significant difference between the clear group and both opaque groups on Day 12 of Experiment 2 (Fisher's PLSD, P < 0.05 for both groups). In sum, with the exception of this specific interaction, there was little effect of previous training in Experiment 1 on the acquisition of the water maze task.
Curtain rotation and curtain removal probe sessions. Figure 6 shows the percentage of time the rats spent in the Figure 6 . Percentage of time spent searching the correct quadrant during cue curtain rotation and cue curtain removal probe sessions (Experiment 2). On the final day's platform removal probe trial, there were no differences between groups in the time spent searching the platform quadrant. Rotation of the cue curtain led to a corresponding shift in the rats' spatial bias for all groups, as indicated by the percentage of time spent searching in the rotationally appropriate quadrant. Cue curtain removal, however, was associated with a different pattern of effects between groups. Both the opaque and opaque + disoriented groups showed significantly less preference for the platform quadrant relative to the clear group. These results are similar to the findings on the radial arm maze probe trials and suggest that in the absence of the cue curtain, cues outside the curtain enclosure may provide information that can guide the rats' spatial behavior. Asterisks indicate a significant difference between the two opaque conditions relative to the clear condition for the cue removal probe.
platform quadrant for the two probe sessions (Probes 1 and 2) that followed the 16 days of water maze acquisition. An ANOVA on the final day of water maze training showed no significant differences between groups in platform quadrant preference, F(2, 20) = 1.26, p > 0.05. In the cue curtain rotation probe (Probe 1), the appropriate quadrant was shifted 90° counterclockwise relative to the room, though it maintained the same spatial relationship with the cue curtain. An ANOVA revealed no significant differences between groups with respect to their preference for the rotationally correct quadrant, F(2, 20) = 0.05, p > 0.05. A significant difference between groups was observed when the cue curtain and towel were removed in the final probe session (Probe 2), F(2, 20) = 4.02, p < 0.05. Post hoc comparisons revealed significantly less preference for the platform quadrant in the opaque and opaque + disoriented groups relative to the clear group (Fisher's PLSD, p < 0.05).
Comparison with radial arm maze probe results. The pattern of results obtained in these probe sessions was similar to the findings observed in the radial arm maze probe trials. In both situations, rotation of the cue curtain led to a corresponding shift in the rats' behavior-in the radial arm maze the rats chose the rotationally appropriate maze arm, and in the water maze the rats spent more time swimming in the rotationally appropriate pool quadrant. In addition, in the curtain removal probe sessions in Experiments 1 and 2, only the rats in the clear group were able to select the correct arm or search the correct quadrant. Although this finding could be demonstrated only for the 2 rats in the opaque group that acquired the radial arm maze task, the results from the curtain removal probe in the water maze task clearly showed that the opaque groups performed differently than the clear group. Taken together, these results suggest that the cue curtain can exert stimulus control over the rats' spatial behavior across tasks. In addition, the differences between the clear group and the opaque groups on the curtain removal probes in both tasks suggest that additional room cues outside the curtain enclosure are sufficient to guide spatial behavior in the absence of the cue curtain. Although the rats in the clear groups were able to use room cues outside the curtain enclosure to guide their behavior in both tasks, this access appeared to provide an advantage only for acquisition of the radial arm maze task.
General comparison with the radial arm maze. Contrary to our initial expectations, we found no differences between groups in the Morris water maze. There are several potential explanations for this dissociation. First, the many procedural differences between the radial arm maze and the Morris water maze may have influenced the degree to which similar effects were not observed across tasks. For example, there were differences in the amount of exploration permitted in each apparatus (i.e., 1 min per trial of unrestricted exploration in the water maze vs. a fixed number of choices per trial in the radial arm maze), as well as in the number of trials with experience at the goal location (every trial on the water maze vs. only trials with the correct response in the radial arm maze). Second, the quality or quantity of the type of motivation employed in each task may have played a role in the dissociation. Thus, it is possible mat all three groups in the water maze task successfully acquired the task because the aversive motivation in the water maze provided more of an incentive to solve the task than the appetitive motivation of the radial arm maze task. Alternatively, the effects of disorientation may be specific to appetitively motivated tasks, and thus the learning strategies used by the rats may have differed across tasks. Third, the difference between the radial arm maze and water maze in terms of their physical geometry may have influenced the way spatial associations were used. As discussed in the beginning of this article, previous behavioral studies have suggested that disorientation leads to a predisposition to use the geometric cues within an environment to guide behavior (Hermer & Spelke, 1994 , 1996 Margules & Gaffistel, 1988) . Rats in the water maze thus may have been more inclined to rely on nongeometric cues, such as the cue curtain, as the only geometric constraint present in this apparatus was the annular distance from the tank walls.
Finally, it is possible that the rats that had learned the radial arm maze task may have benefited from this experience and any differences between groups may actually have been masked when the rats were redistributed equally into three groups for the water maze task. Although reanalysis of the water maze results using the groupings from Experiment 1 revealed no significant differences between groups (i.e., rats that had been in the opaque + disoriented group on the radial arm maze performed equally well as the rats in the clear group), the possibility remains that prior experience may have influenced the magnitude of any potential effects of disorientation on the water maze. This possibility is addressed below by training a new set of rats first on a radial arm water maze (Experiment 3) and subsequently on the original radial arm maze (Experiment 4).
Experiment 3: Acquisition of a Radial
Arm Water Maze
To explicitly assess the dissociation between the results observed in Experiments 1 and 2, we conducted Experiment 3 using an apparatus that combined features of both the radial arm maze and the Morris water maze. Specifically, walls were introduced into the water maze that changed the configuration of the water pool from that of an open cylinder to a radial arm maze. Like the dry radial arm maze in Experiment 1, the radial arm water maze contained eight arms with a single goal. In the current experiment, however, the goal was a submerged platform located in a constant position relative to a cue curtain (as in Experiment 2). If group differences comparable to those on the dry radial arm maze in Experiment 1 were found on this wet version of the radial arm maze, procedural differences between the two tasks may have accounted for the dissociation observed between the Morris water maze and the radial arm maze. Alternatively, if no group differences were observed on the new apparatus, we would argue that motivational factors may underlie the dissociation found between the two tasks in Experiments 1 and 2.
Experiments 3 and 4 were also designed to dissociate the effects of disorientation from the influence of access to room cues outside the curtained enclosure. Thus, in these experiments a new treatment condition (clear + disoriented) was introduced that combined features of both the clear group and the opaque + disoriented group. Rats in this group received disorientation treatment in an opaque container, but were subsequently exposed to the visual cues outside the curtained enclosure. It was predicted that if access to cues outside the curtained enclosure was the significant determinant of acquisition in Experiment 1, independent of disorientation, the clear + disoriented group would acquire the current task in a manner similar to the clear group. Alternatively, if disorientation itself was the primary factor interfering with acquisition in Experiment 1, then it would be expected that the clear + disoriented group's acquisition would resemble the acquisition of the opaque + disoriented group.
Method
Animals. Twenty-four behaviorally naive, female Long-Evans rats (Rattus norvegicus), 2 months old at the beginning of the experiment, were housed in a manner identical to that of Experiments 1 and 2. Each rat had free access to food and water.
Behavioral apparatus. Training took place in the large, windowless room used in Experiment 1. The water pool described in Experiment 2 was centered in the same black curtained enclosure described in Experiment 1, again with a white sheet covering approximately 63° of the enclosure arc. Eight clear Plexiglas triangular wedges (64.5 X 64.5 X 44.5 cm) were placed within the pool to create eight arms and a central area (see Figure 1C) . The water level of the pool was 13.5 cm from the top of the tank, and the Plexiglas wedges that formed the walls of the maze arms extended 11.5 cm above the water level. The submerged platform was placed at the end of one of the maze arms, and the water was again made opaque by the introduction of white tempera powder. The clear and opaque containers in this study were identically sized Plexiglas rectangular boxes (length: 26.5 cm; width: 17.5 cm; height: 25.0 cm), with the opaque container covered on all sides by gray duct tape.
Behavioral training. Rats were handled for 3 mins per day for 3 days prior to training in the task. As in Experiment 1, the behavioral task employed was a spatial reference memory task in which the goal location (a hidden platform) was in a constant position relative to the white curtain at the end of one of the maze arms. Rats were placed in the center of the pool and were initially permitted a maximum of eight arm choices per trial. Following the 5th day of training, the maximum number of arm choices per trial was reduced to six for the remainder of training. An arm choice was counted if the rat swam more than one-third of the way down a given arm, and the rats were permitted a maximum time of 1 min to either locate the hidden platform or select the permitted number of incorrect arms. If the platform was not found on a given trial, the rat was returned to its container without experiencing the goal location. The rats received three trials on the first day of training, four trials per day on Days 2-5 of training, and five trials per day for the remainder of acquisition . In the final days of training, the Plexiglas wedges were rotated each day to minimize any association between potential cues on the wedges and the position of the platform.
As in the previous two experiments, the animals were divided into three groups. The clear and opaque + disoriented groups were identical in terms of treatment to those described in Experiments 1 and 2. The third group, clear + disoriented, was first placed in an opaque container and rotated back and forth by the experimenter for 30 s in a manner identical to that of the opaque + disoriented group. They were then removed from the opaque container and, while still outside the curtained enclosure, placed in the clear container for 60 s.
Curtain rotation (90°) and curtain removal probe sessions were conducted following acquisition for all rats who reached criterion, and these probes were identical to the rotation and removal sessions conducted in Experiments 1 and 2. Between each probe session, the Plexiglas wedges were wiped down by the experimenter to minimize the prominence of any uncontrolled cues. The criterion level of performance for assessment in the probe sessions was defined as two consecutive days on which a rat selected the correct maze arm within the first two arm choices in four of the five daily trials.
Results and Discussion
Acquisition of the radial arm water maze. All three groups of rats acquired the radial arm water maze task within 14 days of training. Figure 7 shows that all groups performed at above chance levels by the end of the acqui- Training Day Figure 7 . Acquisition of the radial arm water maze (Experiment 3). All three groups acquired the task within 14 days of training. There were no significant differences between groups for the last 3 days of training. For clarity, standard error bars for each group are presented only for Days 2, 6, 10, and 14. Fisher's PLSD). Although differences between specific groups were observed on four acquisition days, all groups acquired the task and no significant differences between groups were observed on the last 3 days of training. However, examination of the acquisition curves (see Figure 7) suggests a tendency for faster acquisition by the clear group relative to the two disoriented groups.
Probe sessions. Rotation of the white curtain was associated with a corresponding shift in the rats' selections of maze arms in all three groups. As shown in Figure 8 , rats in each of the three conditions selected the rotationally correct arm more frequently than would be expected by chance, 1(23) = 9.96, p < 0.01. As in Experiments 1 and 2, the cue curtain appeared to exert stimulus control over the spatial behavior of the rats following acquisition.
Removal of the white curtain was associated with a more varied selection of maze arms and a lower mean number of correct trials in each of the three groups (see Figure 8) Figure 8 . Cue rotation and cue removal probe sessions on the radial arm water maze (Experiment 3). As in Experiment 1, rotation of the cue curtain was associated with the selection of the rotationally correct arm on the majority of trials for all three conditions. The mean number of correct trials decreased when the cue curtain was removed, but there were no differences between groups.
difference between session types, F(2, 42) = 36.38, p < 0.01; no effect of group, F(2, 21) = 0.79, p > 0.05; and no interaction between group and session type, F(4, 42) = 0.27, p > 0.05. The main effect of session type was due to a significant decrease in the number of correct trials in the curtain rotation probe when compared with the final day of training, f(23) = -4.73, p < 0.01, and a further decrease in performance in the curtain removal probe session relative to the rotation session, *(23) = -3.99, p < 0.01 (see Figure 8) . However, although the number of correct choices made in the curtain removal probe was significantly lower than when the curtain was present, the performance was still better than chance, t(t>) = 9.96, p < 0.01. The absence of a difference between groups on this probe contrasts with the better performance observed in the clear groups relative to the rats in the opaque groups on this probe in the previous two experiments.
Comparison with the results from Experiments I and 2. The acquisition by all groups in this experiment contrasts with the lack of acquisition observed in the opaque conditions in the dry radial arm maze of Experiment 1, and appears comparable to the acquisition observed in the openfield water maze of Experiment 2. Thus, the dissociation observed between the dry radial arm maze and the Morris water maze appears to also extend to a water version of the radial maze. This result suggests that the dissociation observed between the two tasks in Experiments 1 and 2 was not due to differences in (a) the amount of maze exploration permitted per trial, (b) the experience of reward on every trial, or (c) the geometry of the maze apparatus. Furthermore, the lack of impairment found with behaviorally naive rats in this experiment argues against the possibility that the rats' acquisition of the Morris water maze in Experiment 2 was influenced by their experience on the radial arm maze in Experiment 1. Rather, some feature not present on the dry radial arm maze, and common to both water maze tasks, made the water maze tasks less sensitive to the disruptive effects of disorientation, to restricted access to visual cues, or to both. We suggest that this common feature is the aversive motivation of the Morris and radial water maze tasks.
Experiment 4: Replication of the Appetitive Radial Arm Maze
Experiments 2 and 3 suggest that the quality or quantity of motivation in a water maze task makes it less susceptible to the influence of disorientation. If this notion is true, one would predict that the rats from Experiment 3, despite having shown little impairment from disorientation treatment on the acquisition of a wet radial arm maze task, would nonetheless be susceptible to these effects in the acquisition of a subsequent dry radial arm maze. This prediction was tested in the current experiment.
Training the rats of Experiment 3 on the dry radial arm maze in the current experiment also permitted the dissociation of any general effect of previous training on subsequent task acquisition. For example, if the disorientation effect observed in Experiment 1 (with behaviorally naive rats) was also found in this final experiment (with rats trained in Experiment 3), we would argue that prior training does not influence the extent to which these effects are demonstrated. In addition to the three groups tested in Experiment 3, a group of behaviorally naive rats tested under opaque + disoriented conditions (opaque + disoriented-new) was also included in the current experiment to allow comparison with rats that had undergone the disorientation procedures in Experiment 3 (now referred to as opaque + disoriented-old).
Method
Animals. The three groups of rats used in Experiment 3 were also used in this experiment, and their group testing conditions remained unchanged. In addition, 8 age-matched, behaviorally naive Long-Evans rats composed a fourth group (opaque + disoriented-new). All rats were permitted free access to food, but were restricted to 10 min of free access to water each day. One rat in the opaque + disoriented-new group was unable to complete training because of sickness and was excluded from the final data set.
Behavioral apparatus and training. Training took place in the same room with the same behavioral apparatus used in Experiment 1. The maze was again separated from the remainder of the room by a black curtained enclosure with a white sheet serving as a potential orienting cue. As before, the maze was centered in the enclosure, but to ease the experimenter's placement of the rat on the apparatus, the maze was raised up 34 cm relative to its height in Experiment 1. Water reinforcement was again available in only one arm of the maze, although this arm was in a different absolute position relative to the cue curtain compared with Experiment 1. A different Plexiglas container of the same dimensions as the container in Experiment 3 was used for the transport and the intertrial interval manipulations. This container was made of clear Plexiglas with a black opaque bottom, and was rendered opaque for the disorientation conditions by the addition of a black Plexiglas cover.
On the first day of training, all groups received three trials on the maze and were removed from the maze if they either selected the reinforced arm, made eight incorrect arm choices, or had been on the maze for 120 s. To facilitative comparisons with the acquisition in Experiment 3, rats were not given pretraining with water at the ends of all arms as in Experiment 1. Instead, on the first and all subsequent days, the water reward was available only on a single arm that maintained a constant position relative to the white curtain. As in Experiment 1, the maze was rotated in 45° increments after every trial to reduce the relevance of intra-maze cues. The same contingencies were in effect on Days 2 and 3 of training, with the exception that the rats were permitted a maximum time of 90 s on the maze, and the water dishes were placed halfway down the maze arm length. On Day 4 of training, the water dishes were place at the maze arm ends, and on Days 5-10 the number of trials per day was increased to four. Finally, from Day 11 until the end of training (Day 21), the rats were given five trials per day and removed from the maze if they either selected the reinforced arm, made a total of four incorrect arm choices, or had been on the maze for 60 s.
As in the previous experiments, 90° curtain rotation and curtain removal probe sessions were conducted for rats that had acquired the task. The acquisition criterion was defined as the selection of the reinforced maze arm within the rat's first two arm choices on four of five trials for 2 out of 3 consecutive days. During the probe sessions, water reward was unavailable during the first trial of the probe and was placed on a different arm for each of the four remaining trials of the session (though never on the former training arm).
Results and Discussion
Acquisition of the radial arm maze. Training Day Figure 9 . Replication of the appetitive radial arm maze (Experiment 4). As in Experiment 1, rats that were transported in a clear container and not disoriented acquired the radial arm maze task more readily than those rats that experienced disorientation. For clarity, standard error bars for each group are presented only for Days 5, 10, 15, and 20. groups throughout the 21 days of training. As is evident from this figure, the clear group acquired the task faster than the groups that had undergone disorientation. A twovariable (Group x Training Day) ANOVA revealed significant main effects of group, F(3, 20) = 14.98,p < 0.01,and training day, F(20, 540) = 21.67, p < 0.01, and a significant Group X Training Day interaction, F(60, 540) = 3.98, p < 0.01. The source of this interaction, as revealed by single-variable comparisons of group for each training day, was from differences between groups during the last 14 days of training (Days 7-21). On each of these days, the clear group was significantly better than each of the disoriented groups (aUps < 0.05; Ksber's PLSD). Thus, whereas all groups appeared to perform at chance levels through the first 6 days of training, from Day 7 thereafter the clear group exhibited significantly better performance compared with the remaining three groups. The finding that the clear group differed from the clear + disoriented group suggests that the disorientation procedure itself, rather than limited access to visual cues, is the critical factor contributing to the impaired learning observed in this experiment and in Experiment 1. However, a few observations suggest that the clear + disoriented treatment may also differ in additional ways from the remaining disoriented groups. For example, although few significant differences were observed in the acquisition of the radial water maze (Experiment 3), the clear + disoriented group appeared to exhibit a lower level of performance throughout most of training (see Figure 7) . Similarly, the performance of the clear + disoriented group in the present experiment appeared to be impaired relative to the other two disoriented groups (e.g., by the end of acquisition the clear + disoriented group, unlike the other two disoriented groups, did not perform at an above chance level; see Figure 9 ). Furthermore, observations of rats in the clear + disoriented group as they ran the maze suggested that they were often more tentative when running down the maze arms. For example, they frequently went only halfway down a maze arm or spent excessive amounts of time grooming in the center platform area. These observations suggest that some aspect of the clear + disoriented treatment, for example the removal of the opaque cover after the disorientation or the longer intertrial interval relative to the other groups (90 s vs. 60 s), may have served as a stressor that additionally differentiated this group from the remaining groups in their maze performance.
Probe sessions. Probe sessions were conducted for those rats that reached the criterion level of performance (see Table 1 , Experiment 4). As in previous experiments, rotation of the white curtain was associated with a corresponding shift in the rats' selections of maze arms for all groups. Figure 10 shows that rats in three of the four conditions (data for the sole clear + disoriented criterion rat are not shown) selected the rotationally correct arm more frequently than would be expected by chance, t(l4) = 4.45, p < 0.01, although the number of correct choices was less than during baseline trials, {(14) = -4.66, p < 0.01. In sum, the cue curtain exerted stimulus control over the spatial behavior of the rats following acquisition. Figure 10 . Cue rotation and cue removal probe sessions (Experiment 4). As in the previous experiments, rats in all three conditions selected the rotationally correct arm following rotation of the cue curtain. In addition, when the cue curtain was removed, rats in the clear group appeared to have a higher mean number of correct arm choices than rats in the two opaque conditions, although there was no significant group effect or Group X Probe Type interaction. As only 1 rat reached criterion from the clear + disoriented group, probe session means are not shown for this group.
Similar to the results in Experiment 3, removal of the white curtain appeared to be associated with a lower number of correct trials (see Figure 10 ), although the decrease was not significantly different from the cue rotation probe, f(12) = 1.54, p > 0.05. As in Experiment 1, not all rats in the opaque conditions reached criterion and participated in the probe sessions. Thus, to allow statistical comparison of the clear and the opaque + disoriented groups, the data from both of the opaque + disoriented groups were combined. A Session Type X Group ANOVA revealed a significant effect of session type, F(2, 22) = 18.25, p < 0.05; no differences between groups, F(l, 11) = 0.18, p > 0.05; and no interaction between session type and group, F(2, 22) = 2.88, p > 0.05. As the cue rotation and cue removal sessions did not differ significantly, tf!2) = 1.54, p > 0.05, the effect of session type was attributed to significant differences between each probe session and the final day of training (both ps < 0.05). Thus, although the clear group appears to differ from the opaque + disoriented groups in Figure 10 (as in Experiments 1 and 2), this effect was not statistically significant when the clear group was compared with the combined data from the opaque + disoriented groups. The absence of a significant difference may be due to the low number of opaque + disoriented rats (n -5) that were in the probe trials.
Comparison with the results of Experiment 1. The acquisition impairment observed in this experiment generally replicates the deficit associated with disorientation treatment observed on the radial arm maze in Experiment 1. However, there were some differences in the results between the two radial arm maze experiments, as some rats in the current opaque + disoriented groups achieved a criterion level of performance on the task, whereas no rats in the opaque + disoriented group reached the criterion level in Experiment 1 (see Table 1 ). This difference cannot be accounted for by the prior training experience for some of the disoriented rats, because criterion level rats were present in both the opaque + disoriented-old group and the opaque + disoriented-new group (see Table 1 , Experiment 4). Alternatively, it is possible that minor differences between the tasks may have contributed to the improvement in performance of the disoriented rats in the current task relative to the disoriented rats in the initial radial arm maze experiment. For example, the disoriented rats in the current experiment may have been more motivated to find the water reward, and thus somewhat less sensitive to the effects of disorientation because they were somewhat more water deprived than the rats in Experiment 1 (10 vs. 15 min of free water access). Indeed, this factor may have also contributed to the better performance of rats in the clear group, as they reached a criterion level of performance in a shorter period of time relative to the rats in the clear group in Experiment 1. Other differences between Experiments 1 and 4 that may have influenced task acquisition include (a) a difference in the position of the reinforced maze arm (Arm 3 in Experiment 1 and Arm 6 in Experiment 4), (b) a small difference in the age of the rats in Experiment 4 (*=90 days old) compared with the rats in Experiment 1 («60 days old) at the start of behavioral training on the radial arm maze, and (c) a difference in the specific investigators that tested the rats. However, despite these differences, the significant impairment in rats experiencing disorientation relative to nondisoriented rats was evident in both radial arm maze tasks (compare Figures 2 and 9 ).
General Discussion
This study examined the effects of repeated disorientation on the acquisition of different spatial reference memory tasks. In the radial arm maze task of Experiment 1, a striking acquisitional impairment in rats that received disorientation treatment was observed. In contrast, when the rats were reassigned to each of the three training conditions and trained on the Morris water maze (Experiment 2), no differences were observed between groups in acquisition. Because the experience on the radial arm maze in Experiment 1 may have reduced the likelihood of observing group differences in the Morris water maze (Experiment 2), we tested behaviorally naive rats under similar conditions in Experiment 3. Furthermore, to increase the likelihood that disorientation treatment would lead to an acquisitional impairment in Experiment 3, the pool configuration was altered to resemble the dry radial arm maze. Despite these efforts, however, the disoriented rats were able to acquire the radial water maze task to a level equal to that of the nondisoriented rats (although the latter may have exhibited a slightly faster rate of acquisition). The rats from Experiment 3 were then tested on the dry radial arm maze task (in Experiment 4) where an acquisition impairment was once again observed with the disoriented groups. Taken together, these results indicate that disorientation does not generally impair the ability to use visual landmarks to locate a spatially defined goal. Thus, we suggest that the impairment observed on the appetitive radial arm maze may reflect an effect restricted to nonspatial aspects of task performance.
What Are the Effects of Disorientation?
As reviewed in the beginning of this article, several studies on a variety of species have demonstrated that either disorienting a subject via vestibular rotation, limiting access to stable landmark cues, or both, leads to an impairment in reaching a spatially defined goal. Although the results of Experiments 1 and 4 are consistent with this finding, the results from Experiments 2 and 3 force a qualification of this conclusion: Disorientation does not impair overall spatial abilities, but rather interferes with the ability to seek a spatially defined goal associated with positive reward. Thus, any cognitive interpretation offered to explain the impaired spatial learning of the disoriented rats in the radial arm maze must account for the normal rate of spatial learning in the water mazes.
A recent study by Martin, Harley, Smith, Hoyles, & Hynes (1997) provides direct support for the dissociation observed between tasks in the current study. In their experiments, which are similar to our experiments, they trained disoriented rats on both appetitively and aversively motivated spatial reference memory tasks. Martin et al. observed that disorientation produced a marked impairment in task acquisition on the appetitively motivated plus-maze task. In contrast, these authors did not find a disorientation-induced impairment on two aversively motivated water maze tasks, a finding similar to those of our study. Taken together with the observation that most of the previously reported disorientation-associated impairments (Gallistel, 1990; Hermer & Spelke, 1994) were demonstrated in positively motivated tasks, these results support the conclusion that disorientation produces an impairment specifically in the acquisition of appetitively or positively motivated spatial tasks.
Appetitive Versus Aversive Radial Arm Mazes
If disorientation does not produce a general impairment in the ability to acquire an association between landmark cues and a spatially defined goal, then it must affect some aspect of the appetitive version of the maze not shared by the aversive version of the same maze. Differences between the two tasks have been highlighted in a recent review by Hodges (1996) . She cited several instances in which a dissociation between the radial arm maze and the Morris water maze has been observed and suggested that the tasks differ in terms of motivation, learning rate, measures of performance, and training schedules.
One factor that is unique to the water maze tasks may be the stress associated with swimming in the water and the potential consequences of not finding the hidden platform. Hodges stated that the water maze is more stressful than the radial arm maze, and that this stress may interact with one's independent variable-particularly when this variable interacts with stress. Thus, in our experiments, if placement of the rat in an opaque container and rotation of mis container back and forth were themselves stressful events, the dissociation observed between the two tasks may reflect an interaction between stress and task motivation. Specifically, the significant level of stress driving the behavior of animals in the aversive water maze tasks may make these tasks comparatively insensitive to effects of any additional stress associated with disorientation procedures. In contrast, the lower level of stress present on the appetitive radial arm maze may make it more susceptible to the effects of disorientation-induced stress. This interpretation implies that a disorientation impairment may be expected in a dry version of the water maze task (e.g., in which a spatially defined, appetitive reward site is covered with sand) and may not be expected when other types of aversive motivation (e.g., electric shock) are used on the radial arm maze.
These implications remain to be tested, and the current results do not preclude the possibility that the effects of disorientation are related to task dimensions other than appetitive or aversive differences.
